ABSTRACT: Expulsion of pore water from the cylindrical pores of MCM-41 and cage-like pores of SBA-16 was studied for the cooling process. It was observed in MCM-41 just above the capillary full filling. In SBA-16 samples, it only appeared for the fully hydrated sample exposed to the saturated vapour pressure, P 0 . When the pore remained hydrated below P 0 , expulsion of water was not observed. This is explained by the fact that expanded water fills the outermost vacant spherical pores at the particle surface. When an SBA-16 particle was fully wetted with liquid water, the freezing temperature of the pore water decreased slightly. This was caused by the pressure increase derived from occlusion of pore water with surrounding frozen ice. This form of water occlusion should be common in nature at low temperatures (biological cells, liposomes, porous stone, etc.) and was clearly identified in a well-defined porous system.
INTRODUCTION
Water is confined in various narrow spaces (e.g. gels for liquid chromatography, biocells, soils, interstices of cleaved rocks). The confining spaces are naturally complex with different shapes and sizes. It is well-known that confined liquid water shows markedly different behaviour from that of bulk water. In addition, the density of liquid water in confinement initially decreases gradually with decrease in temperature from 277 K and then steeply to reach a minimum for frozen ice as well as for bulk water (Eisenberg and Kauzmann 1969; Erko et al. 2012; Xu et al. 2009 ). This is due to the development of hydrogen bonds to form water clusters and crystalline ice with greater spatial structure. The expanding property of water at low temperature appears as expulsion of water from biological systems (Cheung et al. 2002 ), vesicles (Organe et al. 1972 , and as pingo formation on a large scale (Mackay 1998) . This fact allows us to predict that when the pore is fully filled with water, some portion of the water must come out from the pores when the temperature is decreased. The researchers who work on these systems have so far avoided filling the pores with water by providing an inadequate amount of water to fill the pores (Floquet et al. 2005; Morishige et al. 2007) . As a result, there has been no direct evidence on the expansion process expelling water with decreases in temperature. In this work, we studied the expulsion of water from mesopores of MCM-41 (cylindrical) and SBA-16 (cage-like) (Sakamoto et al. 2000) using differential scanning calorimetry (DSC) measurements, and discuss the mechanism of freezing therein.
Recently, it was reported that the water-mesopore system passes through very complicated steps before being fully frozen: freezing of excess pore water (Kittaka et al. 2009 (Kittaka et al. , 2013 , external water, freezing of boundary water that is linked with pore water, liquid-liquid transition and finally freezing of pore water. This work adds another new finding to the aforementioned results found during the cooling process.
EXPERIMENTAL ANALYSIS 2.1. Materials
The mesoporous silica used included synthesized cylindrical porous MCM-41 (diameter = 2.4 nm; Mori et al. 2002) and cage-like SBA-16 . Some variations of the latter were prepared and abbreviated as 6 .0 nm), 6 .5 nm), 7.1 nm), 8.0 nm) , where the first number in parentheses is the hydrothermal treatment temperature (°C) of the sample during preparation and the second number is a diameter. Details of the preparation were given in a previous report . Pore images and surface textures were observed using a transmission electron microscope (TEM) (HITACHI H-8100, Japan) operated at an accelerating voltage of 200 kV.
Measurements
Adsorption isotherms of water were determined gravimetrically at 298.2 K using a Rubotherm gravimetric analyzer (BEL, Japan) equipped with a gas-dosing system working with a homemade PC program. Freezing and melting processes were observed using a DSC Q10 (TA Instruments, USA) at a rate of 5.0 K minute -1
. Water was introduced into the sample by gas adsorption as follows:
1. The powdered sample was first wetted in a test tube by suspending it in liquid water, followed by evacuation of air from the pores to introduce water.
2. The wet sample was transferred onto an aluminium sample pan for DSC measurement and sealed lightly.
3. For MCM-41, water vapour was adsorbed to the programmed amount in the Rubotherm adsorption system after evacuation of the specimen. For SBA-16, the sample was exposed to the saturated vapour pressure after evacuation and then kept at a programmed lower vapour pressure to remove excess water on the outer surface.
4. The equilibrated sample was hermetically sealed immediately after demounting from the adsorption system.
The water content of the samples was determined after DSC measurement by weighing (i) the pan just after measurement, (ii) the holed pan, which was evacuated under high vacuum using a turbomolecular pump at 298.2 K, and (iii) the emptied DSC pan.
RESULTS AND DISCUSSION

Adsorption-Desorption Isotherms of Water
Adsorption-desorption isotherms of water on cylindrical MCM-41 (d = 2.4 nm) (Kittaka et al. 2006) and cage-like SBA-16 ) are shown in Figures 1(a and b) , respectively. A clear steep rise of the isotherm for capillary condensation in the cylindrical mesopores is seen at the relative pressure of P/P 0 ≈ 0.4, after which an increase in adsorption over the outer surface of the sample is seen. At a higher pressure range close to the saturated vapour pressure, water is condensed in the interstices between the particles, because of which the observed desorption curve runs slightly above the adsorption curve. Desorption from the cylindrical pores started at P/P 0 = 0.35 and runs along the adsorption isotherm. The adsorption branch is similar in shape for all of the SBA-16 samples, and the pressure for capillary condensation starts to increase with pore size. The desorption branch for ) is characteristic of desorption from cage-like pores at P/P 0 = 0.35, which is independent of pore size (cavitation desorption). With the larger pores of SBA-16 (100), the drop in desorption starts earlier, compared with other samples, and finally reaches the point for cavitation desorption, as seen in the others. Based on these adsorption-desorption isotherms, the detailed thermodynamic nature of water adsorbed in mesoporous silica at decreasing temperature was examined. 
DSC of Water in MCM-41 and SBA-16
Figure 2 shows the DSC curves of water confined in MCM-41 determined with decreasing temperature as a function of varying water contents (relative vapour pressures of water, P/P 0 ), which are shown in Figure 1 (a; triangles). To detect the fine processes involved in this phenomenon, the water content was changed stepwise by small increases in the capillary condensation range. Before complete filling of the capillary at P/P 0 = 0.49, a broad exothermic peak at approximately 235 K and a clear peak at 200 K are seen, which have been assigned to a so-called liquid-liquid transition and freezing of pore water, respectively (Kittaka et al. , 2013 . Just after completion of capillary filling above P/P 0 = 0.51, a small but clear peak appeared. For the samples prepared above P/P 0 = 0.67, this peak was not detectable; however, another exothermic peak gradually increased to the final form at 232-240 K, which was attributed to the freezing of excess water present over the porous particle (Kittaka et al. 2009 ). Peaks for melting of water frozen in the pore (at ≈ 200 K) and the liquid-liquid transition (broad peak at 200-260 K) were found (DSC curves are not shown). No corresponding peak was found for the satellite exothermic peak observed in the fully capillary-condensed system. Probably, the external frozen ice was molten with the melting of principal frozen water in the pore. Figures 3 (a and b) show the DSC curves of water for SBA-16 (80), determined along the cooling and warming directions, respectively, as a function of relative pressure of dosing. The samples prepared below the saturated vapour pressure show a single exothermic peak at the same temperature (i.e. at ≈233 K), which is very close to the homogeneous nucleation temperature of water (Angell et al. 1982; Kittaka et al. 2011) . For the sample prepared close to the saturated vapour pressure, a small but clear exothermic satellite peak appears before the main freezing peak at ≈230.5 K. The ratio of the former to the latter is approximately 1:10 or less, which corresponds roughly to the ratio of expanded volume of water to that before freezing. When the system was thoroughly wetted, the satellite peak became negligibly small. This fact suggests that the presence of surplus external water that freezes earlier suppresses the expelling and freezing at a lower temperature. Precise NMR measurements on fully hydrated SBA-16 (d = 7.0) reported by Petrov and Furó (2011), however, have not shown a signal corresponding to the satellite peak. Probably, their system contained less water than required to fill the pores completely. A lowering of the freezing temperature of water on the wetted samples (saturated and wet) was found for all of the tested SBA-16 samples, as shown in Figure 3 (c). The DSC curves, however, for the melting of frozen water show just a single endothermic peak, and it is interesting that the peaks for the wetted samples appear at a temperature lower than that for the samples with smaller water content. We explain these freezing processes based on the three groupings of exothermic DSC peaks given by the different hydrations using illustrations in Figure 4 , in which (a) is an example of TEM pictures of SBA-16s and (b-1) is an image of surface-hydroxylated but emptied SBA-16. Hydration procedures of (b-1) sample are referred to the experimental section. (i) A single exothermic peak without a satellite peak on the lightly evacuated sample after pore filling [b2→b3→frozen], (ii) a principal peak (due of the presence of pore water) with a satellite peak [b2→frozen], and (iii) a principal peak with a tiny satellite peak for the fully wetted sample [c1→c2→frozen] in which sample c1 is derived from b1 by soaking in liquid water. Why does no satellite peak appear in Case (i)? Observation of a high-resolution TEM image [ Figure 4 (a)] explains the underlying logic: the surface structure is composed of many concave holes opening from the surface of the particle, as imaged in Figure 4(b-1) . Near the saturation pressure, these structures should be filled with water to give a fully hydrated surface [ Figure 4(b-2) ]. Below the saturation pressure, the surface region of the particle is dry [ Figure 4(b-3) ]. It is anticipated that when the pore water is cooled, it is expelled from the inside of the particle and covers this surface 754 S. Kittaka/Adsorption Science & Technology Vol. 33 No. 9 2015 (a) (b3, p<p0) (b2, sat) evac. region. The expelled water is frozen on the surface region before the freezing of pore water. When the fully hydrated sample ] is cooled, the expelled water should flow over the fully hydrated surface of the sample at decreasing temperature and be frozen to produce a satellite peak. In Case (iii), SBA-16 is wetted by surplus external bulk water [ Figure 4 (c-1)]. When this system is cooled, the external water is frozen first and then the pore mouths (outlets) are closed, occluding pore water. Accordingly, the pore water cannot be expelled freely from the interior of the pore to produce a detectable satellite peak in advance of the principal peak. A tiny exothermic peak detectable on the expanded curve suggests the occurrence of freezing, as in a pingo (Mackay 1998), where there is freezing of ice below the earth surface, at a comparatively weak local point between frozen external ice and the outlet of the pore. Here, one notices another important fact: the DSC curves for water prepared near the saturation pressure and with surplus water show the freezing temperature of pore water to be slightly lower (approximately 1.5 K) than that for the samples with smaller water content. Sequential changes of the freezing temperature of pore water are shown as a function of water vapour pressure for samples with various pore sizes in Figure 3(d) . The lowering of freezing temperature by full wetting is ascribed to the complete occlusion of pore water by the frozen ice phase surrounding the particle ], by which all of the pore outlets are sealed. This occlusion prevents pore water from expanding at the temperature of freezing for lower water content, which should result in an internal pressure increase in the pore, causing the freezing temperature to decrease, as the Clausius-Clapeyron equation predicts (1) where ΔH f is the enthalpy change for freezing and was measured in the same way as for the enthalpy change for melting described in the following section. ΔV is the molar volume change. The pressure increase was estimated to be approximately 17 bar.
To obtain the enthalpy change of melting of water in the cage, it is appropriate to choose the process of case (i), and was estimated from the DSC peak for melting. The water content for melting was obtained by subtracting the non-freezable water from the total pore water content. Non-freezable water was estimated by the amount at the onset point of the adsorption isotherm (Kittaka et al. 2013) . In Figure 5 , the enthalpy of melting is plotted as a function of melting temperature, which was determined as the onset temperature of the endothermic DSC peaks. In practice, the observed values are somewhat scattered because of the difficulty in accurate weighing of the water content, but it is clear that the enthalpy change of melting decreases with melting temperature (i.e. pore size), as found for the case of water in the cylindrical pores . The observed value was compared with calculated values for bulk water by the Kirchhoff relation [2] (2) where ΔH T2 is the enthalpy change for the melting of water at the melting temperature in confinement. ΔH T1 is 6.02 kJ mol -1 for the melting of bulk ice at 273.2 K. ΔC P is the difference in heat capacities between supercooled water and ice Ih. The former was derived from the value for supercooled water droplets in oil that had been reported by Angell et al. (1982) . In practice, the ice frozen in SBA-16 pores is crystallized as Ic (Morishige et al. 2007 ), but the heat capacity
of Ic is similar to that of Ih (Franks 1982; Haida et al. 1974) . The calculated value is shown as a broken line as a function of temperature. The observed value deviates downward from the calculated values as the temperature is decreased. This fact suggests that the water confined in the spherical pores of SBA-16 has a similar nature but deviates somewhat from that of bulk water. This deviation from the bulk value might be ascribed to the effect of the pore wall in inducing deformation of the clustered water structure. Another possibility is that the frozen phase is poorly crystallized Ic ). In the case of water in the cylindrical pores of similar pore radius, the effect of pore size on the enthalpy of melting was less pronounced (Kittaka et al. 2006) .
CONCLUSIONS
When water is supercooled, three kinds of expansion effects of pore water in MCM-41 and SBA-16 occurred: (i) expansion and freezing within the pores, (ii) some amount of expulsion and freezing outside the pores, and (iii) freezing of water under expansion-inhibited conditions due to occlusion by external bulk ice. The enthalpy change of melting of water was determined for water confined in the SBA-16 system as a function of pore size. It decreased from the bulk value with decrease in pore size. Detailed studies on the structures and dynamics of water confined in SBA-16 are now underway using X-ray diffraction, neutron spin echo and NMR measurements. 
